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Abstract 
In order to obtain higher resolution for neutron radiography with thicker organic materials, neutron 
radiography with several hundred keV neutrons has been investigated. The experiments were carried out 
at the 4.5 MV Van de Graaff at Peking University. The 7Li(p, n)7Be reaction was chosen to produce 
several hundred keV neutrons.  A thin 6Li-based neutron converter was utilized in the experiment. The 
results showed that radiography with several hundred keV neutrons has greater penetration than thermal 
neutron radiography. 
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1. Introduction 
Neutron radiography (NR) is suitable for investigating the defects in low-Z materials, such as organic 
materials. This technology is a complement to X-ray radiography which is more sensitive to high-Z 
materials. The results of NR depend on the interactions between neutrons and samples. Both the 
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attenuation in the sample and the detection of neutrons can affect the detectability of NR. As the 
interaction cross section of neutron with materials varies with its incident energy [1], NR with different 
energy neutrons has different features and requires various detectors.  
Cold/thermal neutron radiography (C/TNR) and several MeV fast neutron radiography (MFNR) 
facilities have been developed around the world for decades [2][3]. Compared to several MeV fast 
neutrons, the cold/thermal neutrons absorption cross section is large for most elements, especially for 
some isotopes such as 10B and 6Li. Large absorption cross section means low penetration depth but thin 
detectors can be used to achieve effective detection efficiency. Therefore, C/TNR is suitable for small 
organic samples with the thickness of several mm to a few cm. Thin 6LiF/ZnS(Ag) scintillators are 
usually used as the converter, in which the α-particles emitted from 6Li(n,α)3H reaction have high energy 
and short range in ZnS(Ag). The α-particles lose their energy in ZnS(Ag) and large amounts of photons 
are generated. The spatial resolution of C/TNR can be 0.1 mm or even higher. But when samples are thick 
and absorb most incident neutrons, the contrast and resolution of C/TNR may be poor. And for samples 
like aluminium that is almost transparent for the cold/thermal neutrons, the sample is invisible in the 
image. 
Benefitting from the small absorption cross section, MFNR has been used to investigate thicker 
samples than C/TNR. However, the several MeV fast neutrons are hard to detect due to their high 
penetration. The resolution of MFNR is usually not better than 1 mm, because a thick hydrogen enriched 
scintillator screen has to be used [4] [5]. 
Fast neutrons with the energy of several hundred keV, which can be generated by accelerators [6] [7], 
may become one of the choices to detect defects in bulk samples. Combined with a thin 6Li based 
scintillator screen, which is usually used in TNR, the several hundred keV fast neutron radiography 
(HKFNR) may reach a higher resolution than MFNR. 
In this work, preliminary experiments have been carried out to investigate the feasibility and 
penetrability of HKFNR. Polyethylene and aluminum samples imaged by both TNR and HKFNR.  
2. Method 
The neutron cross sections of some common elements are shown in Fig.1.  The cross sections 
decline as neutron energy increase in thermal neutron interval and have same resonance peaks when 
neutron energy is high.  
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Fig. 1. Neutron cross sections of some common elements 
NR produces a 2D attenuation map of neutron radiation that has penetrated the object. The neutron 
flux behind the object can be described as 
ܫଵ ൌ ܫ଴ නܲሺܧሻିሺσ ఓ౤ሺாሻ౤ ሻή௑౥ܧ 
where E is neutron energy, ܲሺܧሻ is neutron spectrum,  ߤ୬ሺܧሻ is cross section of number n element in 
the object, ܺ୭ is the thickness of object, and ܫ଴ is the neutron flux without object.  
Using two single energy neutron beams (0.025 eV and 300 keV) and taking the polyethylene and 
aluminum objects as example, we can easily calculate ܫଵ behind different thickness objects, which are 
shown in Fig.2. When the thickness of polyethylene is 2 cm, the 0.025 eV neutrons are nearly totally 
absorbed and the 300 keV neutrons have stronger penetration ability than 0.025 eV neutrons, as shown in 
Fig.2(a); the aluminium is almost transparent when neutron energy is 0.025 eV, and this material has an 
appropriate attenuation for 300 keV neutrons as shown in Fig.2(b). 
Fig. 2.  Calculated  ܫଵȀܫ଴ for different thickness of materials.  (a) polyethylene (b) aluminum 
As with other energy neutrons, the most important components of HKFNR facility are also the neutron 
source and detector. 
2.1. Neutron Source 
The p-7Li reaction is appropriate for this experiment. It can produce several hundred keV neutrons 
with proper incident proton energy and its neutron yield is high. A LiF target, which is stable and easy to 
handle, is used in the experiments.  
2.2. Detector 
The detector consists of a neutron scintillator screen and a CCD camera. Incident neutrons are 
converted into photons by the scintillator and the CCD camera records the light. 
MFNR usually utilizes a scintillator based on recoil proton by incident neutron. However, when the 
incident neutron energy is low, the recoil proton energy is also low and only a few photons can be 
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activated by the recoil photon. This kind of scintillator is not efficient for HKFNR, and its spatial 
resolution is about 1 mm, which is much poorer than the thermal neutron scintillator screen. A 6Li based 
scintillator which is often utilized in TNR is chosen for HKFNR. First, this scintillator is thin and has 
high spatial resolution; second, there is a cross section peak between 100 keV and 500 keV for 6Li(n,α)3H 
reaction, so the several hundred keV fast neutrons can be effectively detected by the 6Li based scintillator. 
3. Experiments  
The HKFNR experiments were carried out on the Peking University 4.5 MV Van de Graaff accelerator. 
The sketch map is shown in Fig.3. The target is a 4.5 μm thick LiF film coated on a 2 mm thick copper 
substrate. The beam spot at the target is about 10 mm in diameter. In order to minimize the scattered 
neutrons, the target is cooled by water dropping on its outer surface. The imaging system consists of a 
6LiF based scintillator and a Princeton Instruments PI-MAX 3 ICCD camera which is used to record the 
light output from the scintillator. The scintillator is coupled to the camera with two mirrors and a Nikon 
85 mm lens. Boron doped epoxy and lead shielding are used to protect the CCD chip from the neutron 
and γ radiation. The scintillator is placed 40 cm away from the target, so the L/D is 40. The incident 
proton energy is 2.25 MeV and the neutron flux at the imaging plane is 1.2×104 n/cm2/s when the incident 
proton beam is 8 μA. 
 
Fig. 3.  Sketch map of the experiment setup 
Two step samples are used in the experiments, which are made of polyethylene and aluminum, 
respectively. The exposure time of HKFNR is 80 min. For comparison, the samples are also imaged with 
thermal neutrons using PKUNIFTY, which is a RFQ accelerator based neutron imaging system [8]. In the 
TNR experiments, the time of exposure is 60 min, L/D is 50 and the neutron flux at imaging plane is 
2.35×104 n/cm2/s. The results are shown in Fig.4 and Fig.5.  
When the thermal neutrons travel through the thick polyethylene step, most of the neutrons would be 
attenuated. So in Fig.4(b), only the thinnest polyethylene step can be distinguished clearly, and the thicker 
steps can’t be identified because of the extremely low grey levels. When using several hundred keV 
neutrons for radiography, more neutrons can penetrate the thicker steps and produce higher grey level in 
the image. An interesting thing is that the grey level of the area inside the sample is even larger than the 
one produced by the open beam as shown in Fig.4(c). The reason is that the fast neutron would be 
scattered in the polyethylene sample and lose some energy, while the scintillator has high detection 
efficiency to those low energy scattered neutrons. When increasing the distance between steps and 
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scintillator, the effect of scattering neutrons declines, thus the steps of polyethylene become clearer 
(Fig.4(d)). 
The aluminum steps are almost transparent in TNR (Fig.5(b)) while can be distinguished in HKFNR 
image (Fig.4(c)). However the HKFNR image quality of both polyethylene and aluminium steps is rather 
poor. That is caused by the low neutron yield and low detection efficiency. With 10 min exposure time, 
only 1.8×105 neutrons per cm2 are detected. As the pool image quality, the space resolution of HKFNR 
cannot be evaluated with these images. 
 
Fig. 4.  Experiment results of polyethylene steps (thickness 3cm-0.5cm from left to right): (a) Photograph of polyethylene steps;     
(b) Radiography taken with thermal neutron (the distance between steps and scintillator is 0.5cm); (c) Radiography taken with 
several hundred keV neutron (the distance between steps and scintillator is 0.5cm); (d) Radiography taken with several hundred  
keV neutron (the distance between steps and scintillator is 4.5cm).  
 
Fig. 5.  Experiment results of aluminum steps (thickness 1cm-0.2cm from left to right) (a) Photograph of aluminum steps; (b) 
Radiography taken with thermal neutron (the distance between steps and scintillator is 0.5cm); (c) Radiography taken with several 
hundred keV neutron (the distance between steps and scintillator is 0.5cm); 
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A ball point pen refill with 5 mm diameter is imaged by different energy neutron. The normalized grey 
curves are plot in Fig.6. The MeV fast neutron radiography is also compared here. The MeV fast neutrons 
are generated by D-Be reaction with 3 MeV incident deuterons, and detected by a 2 mm thick Si polymer 
ZnS (Ag) converter. The time of exposure is 60 min, L/D is 50 and the neutron flux at imaging plane is 
4.20×105 n/cm2/s. The result shows that the penetration ability of several hundred keV neutron is stronger 
than thermal neutron but weaker than MeV neutron. 
 
Fig. 6.  Experiment results of a ball point pen refill 
4. Conclusion 
The preliminary experiments show the HKFNR is possible. The penetration ability of HKFNR is 
stronger than TNR for organic materials. This radiography method suffers a lot from the neutrons 
scattered in the sample, especially from the thick organic sample. The effect can be eased by moving the 
sample apart from the detector. 
The spacial resolution from TNR was better than expected, as the same detector is used. However, the 
detection efficiency of HKFNR is much lower than TNR, so a more intense neutron beam is required. As 
the neutron yield is not high enough in this experiment, the image quality is rather poor. Thus the 
advantage of the spacial resolution was not shown in this work. A stronger beam should be used in the 
following work to test its high penetration and high space resolution. 
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